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ABSTRACT—Twin studies comparing identical and frater-
naltwinsconsistentlyshowsubstantialgeneticinﬂuenceon
individual differences in learning abilities such as reading
andmathematics,aswellasinothercognitiveabilitiessuch
as spatial ability and memory. Multivariate genetic re-
search has shown that the same set of genes is largely re-
sponsible for genetic inﬂuence on these diverse cognitive
areas. We call these ‘‘generalist genes.’’ What differenti-
ates these abilities is largely the environment, especially
nonsharedenvironmentsthatmakechildrengrowingupin
the same family different from one another. These multi-
variate genetic ﬁndings of generalist genes and specialist
environmentshavefar-reachingimplicationsfordiagnosis
and treatment of learning disabilities and for under-
standing the brain mechanisms that mediate these effects.
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Whydochildrendifferintheirabilitytoread,touselanguage,or
to understand mathematics? One way to answer this question is
to use genetic research methods to investigate genetic and en-
vironmental causes of such differences among children. Two
decades of research make it clear that genetics is a surprisingly
large part of the answer for both learning abilities and learning
disabilities.
A review of twin studies of language disability reported con-
cordance(thelikelihoodthatonetwinwillbeaffectediftheother
twin is affected) of 75% for monozygotic (MZ, identical) twins
and 43% for dizygotic (DZ, fraternal) twins (Stromswold, 2001).
Forreadingdisability,theconcordancesforMZandDZtwinsare
84% and 48%, respectively. For mathematics disability, the
concordancesareabout70%forMZtwinsand50%forDZtwins
(Oliver et al., 2004). Such studies consistently indicate sub-
stantial heritability for learning abilities as well as for disabili-
ties.
Geneticresearchhasmovedbeyondmerelydemonstratingthe
importance of genetic inﬂuence to ask more interesting ques-
tions. Multivariate genetic analysis makes it possible to ask
questions about the genetic and environmental links between
and within learning abilities and disabilities. The analysis fo-
cuses on the covariance (correlation) between two traits (bivar-
iate)ormultipletraits(multivariate)andusesthetwinmethodto
estimate genetic and environmental contributions to their co-
variance as well as the variance of each trait. In other words,
multivariate genetic analysis estimates the extent to which ge-
netic and environmental factors that affect one trait also affect
another trait. Although space does not permit a detailed expla-
nation, Figure 1 illustrates the model used in multivariate ge-
netic analyses. Such analyses yield the genetic correlation,a
statistic central to this article. The genetic correlation (which
may range from 0, no correlation, to 1.0) indexes the extent to
which genetic effects on one trait correlate with genetic effects
onanothertraitindependentlyoftheheritabilityofthetwotraits.
As shown in Figure 1, multivariate genetic analyses also yield
analogous shared and nonshared environmental parameters.
Multivariate genetic research has produced surprising ﬁndings
with far-reaching implications. The purpose of this article is to
review the results and to consider those implications.
GENERALIST GENES FOR READING, MATHEMATICS
AND LANGUAGE
Multivariate genetic research on learning abilities and disabil-
ities consistently yields high genetic correlations. In a recent
review, genetic correlations varied from .67 to 1.0 for reading
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mathematics (three studies) and .59 to .98 for language versus
mathematics (two studies; Plomin & Kovas, 2005).
These studies examined the entire distribution of individual
differences in learning abilities. What about disabilities? Few
multivariate genetic studies of disabilities have been reported
because they require large samples of twins for both types of
disabilities in order to investigate their co-occurrence. In gen-
eral, genetic research comparing abilities and disabilities sug-
geststhatwhatwecalllearningdisabilityismerelythelowendof
the normal distribution of learning ability and caused by the
samegeneticandenvironmentalfactorsresponsibleforlearning
ability (Plomin & Kovas, 2005). The implication is that when
large multivariate genetic studies of disabilities are conducted,
they will yield similarly high genetic correlations.
These high genetic correlations indicate that the genes
affecting one ability (e.g., reading) are to a surprising extent the
same genes that affect other abilities (e.g., mathematics). In
ordertohighlightthisgeneraleffectofgenes,werefertothemas
generalist genes. When DNA research identiﬁes genes respon-
sible for genetic inﬂuence on reading ability and disability, for
example, we predict that most of these genes will also be asso-
ciated with mathematics ability and disability because the ge-
netic correlation between reading and mathematics is .70.
Ifgeneticcorrelationsaresohighbetweenlearningabilities,it
makes sense to expect that components within each learning
domain are also highly correlated genetically, and that is the
case. Genetic correlations range between .60 and .90 within
each of the domains of language, reading, and mathematics
(Plomin&Kovas,2005).ThemostrecentstudyusedWeb-based
testing to assess ﬁve components of mathematics, including
computation, interpretation, and non-numerical processes, in a
study of more than 1,000 10-year-old twin pairs (Kovas, Petrill,
& Plomin, 2007). The average genetic correlation between the
ﬁve components of mathematics was .91.
It is important to emphasise that conclusions regarding gen-
eralist genes apply to common abilities and disabilities whose
origins involve multiple genes and multiple environmental in-
ﬂuences, not to rare single-gene disorders such as Phenyl-
ketonuria or chromosomal disorders such as Down syndrome.
Furthermore,thegeneralist-geneshypothesisdoesnotextendto
rare or family-speciﬁc mutations, such as the FOXP mutation in
theKEfamily,afamilywithanunusualtypeofspeech-language
impairment that includes deﬁcits in oro-facial motor control.
(Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001). The
FOXP mutation appears to be both necessary and sufﬁcient to
causethisimpairmentinthe15affectedKEfamilymembersbut
does not contribute to genetic variation in common language
disabilities (Meaburn, Dale, Craig, & Plomin, 2002).
Instead of thinking about rare genetic disorders caused by a
single-gene mutation of the sort that Mendel investigated in the
peaplant,itisnowgenerallyacceptedthatcommondisordersare
caused by many genes, which implies that each of these genes
will have only a small effect. These multiple genetic variants of
small effect are called quantitative trait loci (QTLs), referring to
the loci in the DNA that contribute to the variation in continu-
ously (quantitatively) distributed traits. If, as is now generally
accepted, disorders represent the quantitative extremes of the
normal variation in complex traits, QTLs contribute to disorders
interchangeably and additively as probabilistic risk factors.
GENERALIST GENES FOR OTHER COGNITIVE
ABILITIES
Much multivariate genetic research has focused on cognitive








cx ax aY c Y ey
rC
rE
AX CX AY CY EY
Fig. 1. CorrelatedfactorsmodelforindividualdifferencesontraitsXand
Yinoneindividualfromatwinpair.Thoughnotillustratedhere,thereare
genetic and shared environmental correlations between the two members
of a pair for both X and Y scores. Using the twin method that compares
monozygotic (MZ, identical) and dizygotic (DZ, fraternal) twin resem-
blance, variance in each trait is divided into that due to latent additive
genetic inﬂuences (A), shared environmental inﬂuences (C), and non-
sharedenvironmental inﬂuences(E),with the subscripts x and y todenote
scoresontraitsXandY,respectively.Paths,representedbylowercase(a,
c, and e), are standardized regression coefﬁcients and are squared to
estimate the proportion of variance accounted for. The gist of the multi-
variate genetic method lies in cross-trait twin correlations. Just as uni-
variate genetic analysis compares MZ and DZ correlations for a single
trait, multivariate genetic analysis compares MZ and DZ correlations
across traits.If MZ cross-trait cross-twin(CTCT) correlations are greater
than DZ CTCTcorrelations, this suggests that genetic differences account
for some of the phenotypic correlation between the traits. Correlations
between the latent genetic, shared environmental, and nonshared envi-
ronmentalinﬂuencesaredenotedbyrA,r CandrE.Thegeneticcorrelation
represents the extent to which genetic inﬂuences on trait X are correlated
with genetic inﬂuences on trait Y regardless of the heritabilities of traits X
and Y. Bivariate heritability, which represents the genetic contribution to
the phenotypic correlation between traits X and Y, is the product of the
paths axraay, which weights the genetic correlation by the heritabilities of
the traits.
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netic correlations greater than .50 and often near 1.0 across
diverse cognitive abilities (Deary, Spinath, & Bates, 2006).
Similarresultssuggestingsubstantialgeneticoverlaphavebeen
found for more basic information-processing measures, such as
speed of processing, as well as measures of brain volume (Deary
et al., 2006).
Phenotypic (observed) correlations among diverse tests of
cognitive abilities led Charles Spearman in 1904 to call this
general factor g in order to avoid the many connotations of the
word intelligence. To what extent do generalist genes for g
overlap with generalist genes for learning abilities? A review of
about a dozen such studies concludes that genetic correlations
between g and learning abilities are substantial but somewhat
lower than the genetic correlations among learning abilities
(Plomin & Kovas, 2005). This result suggests that most (but not
all) generalist genes that affect learning abilities are even more
general in that they also affect other sorts of cognitive abilities
included in the g factor.
SPECIALIST GENESANDSPECIALISTENVIRONMENTS
Aswehaveshown, genetic correlationsamonglearning abilities
and disabilities are substantial—about .70 on average—which
suggests that what they have in common is largely genetic in
origin. However, genetic correlations are less than 1.0, which
means that genes also contribute to making children better at
some abilities than others. In other words, some relatively spe-
cialist genes (inﬂuencing some abilities but not others) also
exist.Asmentionedearlier,whenDNAresearchidentiﬁesQTLs
responsible for genetic inﬂuence on reading ability, we predict
that most of the QTLs will also be associated with mathematics
ability.However,wealsopredictthatsomeoftheseQTLswillnot
be associated with mathematics. Because genetic inﬂuence on
learningabilitiesissubstantial,suchspecialistgenescontribute
importantly to dissociations among learning abilities and dis-
abilities even though most genes are generalists.
Multivariate genetic research also has an interesting story to
tell about environmental inﬂuences on learning abilities and
disabilities. Genetic research distinguishes two types of envi-
ronmental inﬂuences. Those that make family members similar
are called shared environment. The rest, those that do not con-
tribute to resemblance among family members, are called non-
shared environment, and this category also includes error of
measurement. Multivariate genetic analyses indicate that
shared environmental inﬂuences are generalists: Shared envi-
ronmental correlations among learning and cognitive abilities
are as high as genetic correlations. For example, in the two
recent studies, the shared-environmental correlation was .74
between reading and mathematics at 7 years (Kovas, Harlaar,
Petrill,&Plomin, 2005), and the average shared-environmental
correlation was .86 between ﬁve components of mathematics at
10years(Kovasetal.,2007).Anobvioushypothesisthathasnot
yetbeenrigorouslytestedisthatsomemonolithicfactorssuchas
the family’s socioeconomic status or school quality might be
responsible for these generalist shared-environmental effects.
In contrast to these generalist effects of shared environment,
nonshared environmental effects are specialists: Nonshared
environmentalcorrelationsarelow.Forexample,inthesametwo
studies, the nonshared environmental correlation was .39 be-
tween reading and mathematics at 7 years (Kovas et al., 2005),
and the average nonshared environmental correlation was .24
between ﬁve components of mathematics at 10 years (Kovas
et al., 2007).
Nearly all research attempting to identify speciﬁc sources of
nonshared environment has focused on family environments
rather than school environments and on personality and be-
havior problems rather than learning abilities. Nonetheless,
suchresearchshouldbeinformative forfutureresearchthatwill
attempt to identify nonshared environments that affect learning
abilities. A meta-analysis of 43 papers relating differential
familyexperienceofsiblingstodifferentialoutcomesconcluded
that ‘‘measured nonshared environmental variables do not ac-
count for a substantial portion of nonshared variability’’ (Turk-
heimer & Waldron, 2000, p. 78).
The search for nonshared environments might best begin
outside the family. For example, initial research supports the
hypothesisthatpeerinﬂuencemaybeanimportantcandidatefor
a nonshared environment as siblings make their own individual
ways in the world outside their family (Iervolino et al., 2002).
However,peerswouldnotseemtobealikelyexplanationforwhy
nonshared environmental factors change so much from year to
year, nor why nonshared environmental factors differ from one
academic subject to another (Kovas, Haworth, Dale, & Plomin,
in press). Perceptions of the environment may be an important
direction for research because they are speciﬁc to the child. A
recent study of 3,000 pairs of 9-year-old twin pairs found that
children’s perceptions of school experiences were signiﬁcantly
butmodestlyinﬂuencedbygeneticfactors(20%ofthevariance),
but that most of the variance (65%) was due to nonshared en-
vironment (Walker & Plomin, 2006). However, the problem is
thatthesenonsharedenvironmentalexperienceshardlyrelateto
nonshared environmental variance in academic achievement.
We also need to consider the possibility that chance contrib-
utes to nonshared environment in terms of random noise, idio-
syncratic experiences, orthesubtleinterplay ofa concatenation
of events. However, chance might only be a label for our current
ignorance about the environmental processes by which chil-
dren—even pairs of MZ twins—in the same family and same
classroom come to be so different.
Even though we have a long way to go to understand the
nonshared environmental inﬂuences that are the source of spe-
cialist environments, there are important implications now of
thinking about specialist environments in relation to education.
Almost all work on school environments focuses on shared en-
vironmental factors such as family background and school and
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have modest effects and, at least for cognitive abilities, decline
sharply in importance from childhood to adolescence (Deary
et al., 2006). Moreover, shared environmental inﬂuences act as
generalists. More important, and of increasing importance dur-
ing development, are nonshared environmental inﬂuences. As
we have described, multivariate genetic research shows that
these environmental factors primarily work as specialists con-
tributing to differences in children’s performances in different
areas.Oneimplicationisthateducationalinﬂuencesmighthave
their greatest impact on remediating discrepant performances
among learning abilities (such as differences in reading and
mathematics) and discrepancies between learning abilities and
cognitiveabilities,whichisonewaytoviewthetopicofover-and
under-achievement.
IMPLICATIONS OF GENERALIST GENES
Deﬁnitive proof of the importance of generalist genes will come
from molecular-genetic research that identiﬁes DNA associated
with learning and cognitive abilities and disabilities. The mul-
tivariate genetic research reviewed here leads to a clear pre-
diction: Most (but not all) genes found to be associated with a
particular learning ability or disability will also be associated
with other learning abilities and disabilities. In addition, most
(but not all) of these generalist genes for learning abilities (such
as reading and mathematics) will also be associated with other
cognitive abilities (such as memory and spatial ability).
A major reason why identiﬁcation of genes has been slower
than anticipated is that there are likely to be many more genes
(QTLs)withmuchsmallereffectsizesthanhadbeenanticipated,
which means that larger studies with greater power to detect
smalleffectsareneeded(Zondervan&Cardon,2004).Optimism
iswarrantedwiththeadventofcompletelynewapproachessuch
as whole-genome association studies involving thousands of
DNA markers genotyped on microarrays (slides the size of a
postage stamp that contain millions of DNA sequences to which
single stranded DNA or RNA can hybridise; Carlson, Eberle,
Kruglyak,&Nickerson,2004),includingmicroarraygenotyping
of DNA pooled across large samples of learning-disabled indi-
viduals and controls (Butcher, Kennedy, & Plomin, 2006). The
goodnewsfromthegeneralist-genestheoryisthepredictionthat
the same set of genes is associated with most learning disabili-
ties. Studies that collect data on multiple phenotypes can em-
pirically test the generalist-genes hypothesis by testing whether
genes found to be associated with one phenotype (e.g., reading)
also relate to other phenotypes in the same sample.
Although no genes have as yet been reliably identiﬁed as
associated with learning disabilities, several linkages to
chromosomal regions have been found for learning disabilities.
TheseQTLlinkageresultsprovidesomesupportforthetheoryof
generalistgenes.Forexample,forreadingdisabilitythelinkages
are general. That is, the same linkages appear across measures
of diverse reading processes, including orthographic coding,
phonological decoding, word recognition, and rapid naming
(e.g., Fisher & DeFries, 2002).
When the generalist genes are identiﬁed, they will greatly
accelerate research on general mechanisms at all levels of
analysis from genes to brain to behavior. We have recently dis-
cussed implications of generalist genes for cognitive and brain
sciences (Kovas & Plomin, 2006). Implications of generalist
genes for translational research are also far-reaching. Multi-
variate genetic research reviewed in this article suggests that
genetic ‘‘diagnoses’’ of learning disabilities differ from tradi-
tional diagnoses: From a genetic perspective, learning disabil-
ities are not distinct diagnostic entities. The same set of
generalist genes affects learning abilities and disabilities. Dis-
crepancies in children’s proﬁles of performance are largely due
to specialist environments.
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